1. Introduction {#s0005}
===============

Biomass fast pyrolysis has gained enormous attention because of its potential to generate large amounts of bio-oil, which is an alternative to liquid fossil fuels. A detailed analysis of bio-oil suggests the presence of a variety of organic acids, aldehydes, ketones, phenols, guaiacols, and syringols, which are considered to be speciality chemicals \[[@bb0005], [@bb0010], [@bb0015]\]. The composition of bio-oil depends primarily on the feedstock and process parameters such as temperature, residence time, biomass particle sizes and reactor configuration \[[@bb0010], [@bb0015], [@bb0020], [@bb0025], [@bb0030], [@bb0035]\]. A thorough understanding of the process parameters and biomass composition influencing fast pyrolysis product distribution is needed to optimize the process for large-scale applications.

So far, the focus of the research has been on understanding pyrolysis kinetics and achieving high bio-oil yields through unique catalytic or reactor designs \[[@bb0035]\]. Catalytic applications such as hydro-deoxygenation have proven to improve the usability of bio-oils by reducing its oxygen content \[[@bb0040], [@bb0045], [@bb0050]\]. Process intensification studies suggest an increase in bio-oil yield by improving heat and mass transfer between biomass and inert gases \[[@bb0055]\]. In the recent past, attempts have been made to alter the composition of bio-oil through well-defined feedstocks. The composition of biomass is altered with the help of genetic modification in plant species by down-regulating specific genes encoding the enzymes of phenylpropanoid and monolignol biosynthetic pathways \[[@bb0060],[@bb0065]\]. As a consequence, the modified feedstock composition could influence the product distribution in fast pyrolysis. In this way the reactions could be selectively directed towards an increased production of high-value chemicals, improving the profitability and industrial relevance of fast pyrolysis of biomass \[[@bb0070]\]. However, full-fledged analysis of the impact of genetic engineering on biomass fast pyrolysis has yet to be performed.

Lignin, the primary source of phenolic compounds in pyrolysis oil, is synthesized from monolignols via bond linkages such as β-O-4, β-5, β-β, yielding *p*-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units derived from *p*-coumaryl, coniferyl and sinapyl alcohols, respectively \[[@bb0075]\]. While these linkages between lignin monomers are responsible for its linear structure, 4-O-5 and 5--5 couplings were assumed to yield a branched structure of lignin. However, according to a recent work of Ralph et al. \[[@bb0080]\] lignin structure is argued to be mostly linear due to lack of structural evidence for etherified branching in lignin chains \[[@bb0080]\]. The biosynthesis pathway of lignin involves a wide range of enzymatic reactions (as shown in [Fig. 1](#f0005){ref-type="fig"}). Lignin composition varies from one plant species to another, even more so in different cell types and cell wall layers \[[@bb0085]\]. CAFFEOYL-CoA O-METHYLTRANSFERASE (CCoAOMT) converts caffeoyl-CoA to feruloyl-CoA, which is a precursor to coniferaldehyde and sinapaldehyde. The enzyme, CAFFEIC ACID O-METHYLTRANSFERASE (COMT) is responsible for the formation of sinapaldehyde, which is the precursor of sinapyl alcohol. CINNAMYL ALCOHOL DEHYDROGENASE (CAD) is involved in the formation of all the three monolignols \[[@bb0060],[@bb0085]\]. Re-directing these pathways by down-regulating one or more of the corresponding genes via genetic modification to yield tailor-made lignin could enable control over the pyrolysis product distribution \[[@bb0070],[@bb0090]\].Fig. 1Lignin biosynthesis pathways leading to the formation of H, G, and S units. PAL, PHENYLALANINE AMMONIA-LYASE; C4H, CINNAMATE 4-HYDROXYLASE; 4CL, 4-COUMARATE:CoA LIGASE; C3H, *p*-COUMARATE 3-HYDROXYLASE; CSE, CAFFEOYL SHIKIMATE-ESTERASE; HCT, *p*-HYDROXYCINNAMOYL-CoA:QUINATE/SHIKIMATE; CCoAOMT, CAFFEOYL-CoA O-METHYLTRANSFERASE; CCR, CINNAMOYL-CoA REDUCTASE; F5H, FERULATE 5-HYDROXYLASE; COMT, CAFFEIC ACID O-METHYLTRANSFERASE; and CAD, CINNAMYL ALCOHOL DEHYDROGENASE \[[@bb0075],[@bb0085]\].Fig. 1

Various poplar (*Populus tremula x alba*) trees which are genetically modified for lignin amount and composition have been made \[[@bb0090],[@bb0095]\]. Lignin from *CCoAOMT* downregulated trees showed an increase of 11% in the S/G ratio \[[@bb0100]\]. On the other hand, *COMT* downregulation lead to a reduction in the S/G ratio by approximately 50% accompanied by the appearance of 5-hydroxyguaiacyl units \[[@bb0105],[@bb0110]\]. The *CAD* suppressed transgenic lines showed an increased production of benzaldehydes, vanillin, syringaldehyde and extractable lignin content due to the incorporation of cinnamaldehydes into the lignin structure \[[@bb0095],[@bb0110], [@bb0115], [@bb0120]\]. However, no significant change was observed in the S/G \[[@bb0115]\]. Pyrolysis of wood derived from *COMT* downregulated greenhouse-grown *Populus tremula x alba* revealed a three-fold decrease in the pyrolysis products corresponding to syringyl (S) units while *CCoAOMT* down-regulation lead to a decline in G-derived products by 1.6 times, as reported by Toraman et al. \[[@bb0070]\]. There have been very few studies on fast pyrolysis of using genetically engineered biomass. All the trees analyzed so far were grown either in greenhouse or in controlled environments \[[@bb0070],[@bb0090]\]. Rencoret et al. \[[@bb0125]\] utilized fast pyrolysis as a quick technique to determine the effect of gene modification in greenhouse grown poplar \[[@bb0125]\]. They reported that overexpression of *F5H* in poplar lead to a substantial increase in S units. Pilate et al. \[[@bb0095]\] reported that the structural changes in lignin in field grown transgenic poplars were similar to those in greenhouse grown plants. However, in the case of *COMT* downregulated lines, the lignin structural changes were milder due to less suppressed enzymatic activity compared to that of greenhouse grown trees \[[@bb0095]\].

The current study focuses on deciphering the extent of *COMT*, *CCoAOMT* and *CAD* gene suppression, and the effect of pre-treatment on the wood derived from field-grown wild-type and transgenic poplar \[[@bb0085]\]. To the best of our knowledge, this is the first ever study on pyrolysis of genetically modified poplars downregulated in *CAD* genes. The primary aim of this study is to understand the effects of *COMT*, *CCoAOMT* and *CAD* downregulation on the relative abundance of pyrolysis products. The presence of extractable oligo and monophenols may interfere in the Py-GC-MS studies, and therefore, the samples were also pre-treated to remove extractable phenolic compounds before the pyrolysis experiments. Principal component analysis (PCA) was utilized to analyze the extensive multi-dimensional experimental data set, which otherwise would be difficult to interpret. K-means clustering based on the Mahalanobis distance has been applied onto the score plots of PCA to investigate the statistical independence of the pyrolysis products obtained from the genetically modified and wild-type poplars. With the help of PCA and k-means clustering, the effect of the downregulation of *COMT*, *CCoAOMT* and *CAD* on the yields of S and G derived products is understood.

2. Materials and Methods {#s0010}
========================

2.1. Lignocellulosic Biomass Samples {#s0015}
------------------------------------

Genetically modified poplar trees and the corresponding wild types were grown in a field in Orleans, France. Three types of transgenic lines were produced with *COMT*, *CAD*, and *CCoAOMT* downregulation as described in Van Doorsselaere et al. \[[@bb0105]\], Baucher et al. \[[@bb0115]\], Lapierre et al. \[[@bb0110]\] and Meyermans et al. \[[@bb0100]\]. The *COMT* (Li09, Li11) and *CAD* lines (Li18, Li21, Li22) and corresponding control line (Tin) were grown in a single field that was planted in June 2008, coppiced in March 2010 and harvested after 2 years of growth in February 2012. *CCoAOMT* down-regulated lines were grown on a neighbouring field along with their corresponding wild-type (reference Tbr). On this second plot, trees were planted in May 2009, coppiced in 2010 at the same time as the other plot, and collected in February 2012 as well. Both fields were divided into five blocks, with each block containing 24 clonal replicates per line ([Fig. 2](#f0010){ref-type="fig"}). Poplar was first debarked, and the dried wood chips collected from each line and each block were first ground using a 6 mm grid and then further ground using a high-frequency grinder (Retch 300, 200 Hz) and sieved to remove particles larger than 500 μm. [Table 1](#t0005){ref-type="table"} lists the samples used in the current work. The composition of lignin in terms of G or S units was obtained using the thioacidolysis procedure developed by Lapierre et al. \[[@bb0130],[@bb0135]\]. The procedure involves removal of cell-wall extractives by incubating small amounts of sample (\~12 mg) in water at 98 °C, followed by ethanol at 76 °C, chloroform at 59 °C and acetone at 54 °C. Each of these incubation steps was performed for 30 min, and the supernatant was removed by centrifuging at 14000 rpm for 3 min. The dried sample pellets free from cell-wall are then treated with a reaction mixture of boron trifluoride, ethanediol and dioxane. The sample vials were filled with liquid N~2~ vapours to maintain the inert atmosphere and placed in a water bath at 98 °C for 4 h. Further, tetracosane was added as an internal standard to each of the vials before extracting with dichloromethane and water. The organic phase was then pipetted into a new Eppendorf and dried using speedvac. S and G unit representatives present in the dried sample were first dissolved in dichloromethane and then derivatised using *N*, *O*-bis(trimethylsilyl)acetamide for GC--MS analysis.Fig. 2Plan of field trial at Orleans, corresponding to the sample list provided in [Table 1](#t0005){ref-type="table"}. *CCoAOMT* downregulated poplar trees along with their wild-type, Tbr, were grown in a separate field compared to all other poplar trees. Each of the poplar species have at least 5 repeats as shown in the figure, which are represented as block numbers in the [Table 1](#t0005){ref-type="table"}.Fig. 2Table 1List of genetically modified poplar samples used in this work. Thioacidolysis derived G and S yields are represented as μmol g^−1^ cell wall residue. Statistical differences in the S/G ratios are presented in the supporting information S1.Table 1NamePublished name of poplar lineBlocksGSS/G ratioTinwild-type1--563 ± 13161 ± 202.63Tbrwild-type for CCoAOMT1--556 ± 10150 ± 282.65Li02asCCoAOMT1011--552 ± 10149 ± 222.84Li03sCCoAOMT4161--554 ± 6147 ± 102.66Li04sCCoAOMT4291--556 ± 8149 ± 162.66Li09asCOMT2B1--558 ± 14133 ± 302.21Li11asCOMT10B1--562 ± 992 ± 121.34Li18asCAD521--546 ± 16124 ± 202.65Li21asCAD211--548 ± 16131 ± 302.72Li22sCAD13--541 ± 20114 ± 202.71[^1]

2.2. Pre-treatment {#s0020}
------------------

Transgenic samples from block five were pre-treated to remove extractives by incubating them in various solvents, separately \[[@bb0140],[@bb0145]\]. The solvents were chosen such that the structure of cellulose, hemicellulose, and lignin remained intact during the pre-treatment \[[@bb0140],[@bb0145]\]. Depending on the type of solvent, the incubation temperature was set, as shown in [Table 2](#t0010){ref-type="table"}. About 12 mg of each biomass sample was incubated in 1 ml of each solvent at 750 rpm. After that, the supernatants were removed by centrifugation at 14000 rpm. Samples were then air dried to evaporate the remaining solvents. The incubation time for all the solvent pre-treatments was 30 min.Table 2Solvents and incubation temperatures used for extraction.Table 2SolventIncubation temperature (°C)Incubation time (min)Water9830Ethanol7630Chloroform5930Acetone5430

2.3. Fast Pyrolysis Experiments {#s0025}
-------------------------------

The transgenic and wild-type poplar samples were pyrolysed in a multi-shot pyrolyser (EGA/PY-3030D, Frontier Laboratories, Japan). The furnace was calibrated to read the centerline temperature of the quartz reactor. A deactivated stainless steel sample cup (Eco-cup SF, Frontier Laboratories, Japan) was loaded with 0.3 to 0.4 mg of fine biomass powder and was dropped into the pre-heated reactor at 500 °C, ensuring rapid pyrolysis. Pyrolysis vapours were directly swept into the injector port (300 °C) of the GC (Thermo Trace GC Ultra) using helium as carrier gas set at a constant flow rate of 100 ml/min with an injector split ratio of 1:100. Pyrolysis products were separated using a Restek RTX-1701 column (60 m × 0.25 mm, 0.25 μm) connected to a mass spectrometer (ISQ-MS) with a scan rate set from 25 to 350 a.m.u. The GC oven was held for 3 min at an initial temperature of 40 °C and was subsequently heated to 280 °C at 5 °C/min. The oven was then held at 280 °C for 1 min. After each injection, a blank analysis was carried out to verify potential residual bleeding of the column and leftovers from the previous experiments. Peak integration and alignment were performed in Xcalibur software using a baseline window of 200, area to noise factor of 100 and a peak noise factor value of 10. The products were identified using the NIST library and quantified by normalising the ion current peak areas with the total area of all the compounds. The methodology of the process is pictorially represented in [Fig. 3](#f0015){ref-type="fig"}.Fig. 3Methodology of genetically modified biomass pyrolysis, and subsequent PCA analysis of the product selectivities.Fig. 3

3. Principal Component Analysis {#s0030}
===============================

Principal component analysis (PCA) of the quantified peak areas was performed using MATLAB (R2014b) software. The methodology is similar to the one described by Toraman et al. \[[@bb0070]\]. Briefly, PCA analysis provides a statistical analysis of the variation of the selectivity differences between transgenic and control lines, and hence, indicating the effect of genetic modification on the pyrolysis vapours. The first principal component accounts for as much of the variability in the data as possible (PC1), and each succeeding element accounts for the remaining variability (PC2, PC3, etc.). This procedure was repeated until ideally the total variance obtained in the original data set was explained and the resulting PCs formed a new basis \[[@bb0150], [@bb0155], [@bb0160]\]. Variations in transgenic and wild-type biomass and their pyrolysis products were studied with the help of score and loading plots, as explained by Toraman et al. \[[@bb0070]\].

The K-means clustering algorithm was applied to identify groups among wild-type and transgenic poplar samples based on the PCA \[[@bb0165], [@bb0170], [@bb0175]\]. The method has been described elsewhere in detail \[[@bb0070]\]. Briefly, K-means clustering results in partitioning the data space into some regions, called Voronoi cells. In this work, the Mahalanobis distance (MD) method was used to formulate the clusters \[[@bb0160],[@bb0180], [@bb0185], [@bb0190], [@bb0195]\]. Locus of the ellipse defining a group of data points which are similar to the centroid was calculated using eq. [1](#fo0005){ref-type="disp-formula"} with an assumed level of certainty \[[@bb0070]\].$$\ \ T^{2} = \frac{p \cdot \left( {n - 1} \right)}{n - p} \cdot F_{p.n - p;1 - \alpha} = MD^{2}$$where p is the number of principal components, n is the number of observations, F is the F-statistic value, and 1-α is the confidence interval percentage.

4. Results and Discussion {#s0035}
=========================

Transgenic and wild-type poplar samples were subjected to fast pyrolysis to examine the effect of down-regulation of a specific gene in the lignin biosynthetic pathway on the release of products originating from lignin. At first, the pyrolysis vapour composition of non-pretreated transgenic samples was compared to that of their respective non-pretreated wild-type samples. Further, the transgenic lines were compared with their pre-treated counterparts to understand the influence of the extractives on the product spectrum. All the samples were analyzed at least in triplicate. In total 46 compounds were identified in all pyrograms, including the products originating from holocellulose (i.e., cellulose and hemicellulose (C), syringyl lignin (L-S), guaiacyl lignin (L-G), *p*-hydroxyphenyl lignin (L-H) or lignin in general (L). All the detected compounds along with their retention time (on the presented GC configuration) and origin are listed in [Table 3](#t0015){ref-type="table"}. Primarily, L-G and L-S derived pyrolysis compounds produced from the transgenic poplar were relatively lower than their corresponding wild type. A functional group-based analysis of lignin-derived pyrolysis products in terms of organics containing methoxyphenols, dimethoxyphenols, and phenols is presented in [Fig. 4](#f0020){ref-type="fig"}. Overall, downregulation of *COMT*, *CCoAOMT* and *CAD* led to a drop in methoxy phenols and dimethoxy phenols up to a factor of 1.6 (Li22 and Li11, respectively). Simple phenolic products, however, tended to increase up to 1.6 times during the transgenic poplar (Li22) pyrolysis.Table 3List of the main identified compounds of the micro-pyrolysis experiments, average peak surface area percentages of Tin and Tbr wild-type poplars and ratios of average peak surface area% of transgenic lines relative to average peak surface area% of their respective control lines.Table 3R.T (min)CompoundOriginTbrLi02Li03Li04TinLi09Li11Li18Li21Li224.38Carbon dioxideC17.631.171.421.237.381.201.211.271.331.454.51EthaneC23.481.201.381.333.781.161.211.171.211.254.87AcetaldehydeC31.171.131.241.091.051.141.171.241.271.385.01MethanolC41.811.000.940.981.740.910.840.890.920.935.43FuranC50.191.111.791.360.171.261.221.661.771.835.922-Propenal (propanal-2-one)C60.371.281.270.900.380.840.821.031.111.236.05Acetic anhydrideC74.841.131.101.014.800.981.041.071.081.156.51Furan, 2-methyl-C80.101.140.490.470.100.380.430.670.530.487.722,3-butanedioneC90.981.101.321.240.991.101.091.251.191.308.14Propanoic acid, anhydrideC100.601.071.691.550.521.671.631.961.922.078.96HydroxyacetaldehydeC1110.901.040.760.9711.560.830.870.810.750.7310Acetic acidC1212.641.030.960.9712.410.950.960.980.970.9911.342-Propanone, 1-hydroxy-C134.210.991.061.083.981.051.091.121.081.0712.93Propanoic acid, 2-oxo-, methyl esterC140.091.200.991.180.091.171.251.281.241.2513.33Furan, 3-methyl-C150.161.171.281.190.161.321.341.531.451.4114.371,2-EthanediolC160.841.030.790.830.731.041.120.901.000.8914.821,2-Ethanediol, monoacetateC175.641.070.870.845.630.850.870.900.880.8815.32(5H)-FuranoneC180.671.150.990.930.701.011.031.091.020.9715.853-FuraldehydeC190.261.151.420.790.270.860.851.130.951.0216.85FurfuralC203.801.020.830.723.610.780.800.840.860.8718.192-FuranmethanolC210.820.860.610.740.750.780.800.700.680.6718.282(3H)-Furanone, 5-methyl-C220.411.080.960.970.371.131.111.141.141.0619.812-Cyclopentene-1,4-dioneC230.341.030.951.020.331.191.131.111.151.0820.41,2-CyclopentanedioneC243.880.941.020.933.501.071.091.101.161.1827.234-Methyl-5H-furan-2-oneC250.470.981.361.430.371.961.911.741.771.7328.544H-Pyran-4-one, 3,5-dihydroxy-2-methyl-C260.120.934.233.030.251.851.452.232.181.8531.231,4:3,6-Dianhydro-α-[d]{.smallcaps}-glucopyranoseC270.760.850.850.900.601.131.121.091.061.0832.855-HydroxymethylfurfuralC282.370.920.550.702.440.680.740.600.610.5233.912(3H)-Furanone,dihydro-4-hydroxy-C290.380.991.881.720.451.621.801.491.641.4441.09β-[d]{.smallcaps}-Glucopyranose,1,6-anhydro- (levoglucosan)C306.730.881.891.778.421.581.601.341.421.4425.07GuaiacolL-G11.670.930.860.801.640.930.960.880.830.8028.04Guaiacol, 4-methyl-L-G21.511.070.740.890.991.531.641.341.180.9829.81Guaiacol, 4-ethyl-L-G30.150.720.370.340.140.440.370.410.510.3331.88Guaiacol, 4-vinylL-G43.370.910.770.753.600.800.810.740.710.6735.87VanillinL-G50.690.790.890.800.671.011.020.960.970.9337.28Guaiacol, 4-propylL-G61.020.790.660.570.840.750.630.770.740.7244.07Coniferyl alcohol (trans)L-G72.460.690.350.472.630.570.640.370.410.2824.43PhenolL-H11.381.171.321.331.111.651.301.761.831.9325.86Phenol, 2-methyl-L-H20.510.990.500.560.360.830.820.780.760.7234.15Phenol, 3-methoxy-5-methyl-L-10.200.630.750.770.161.030.940.890.910.8529.343,5-DimethoxytolueneL-20.110.771.101.460.072.181.731.971.611.7133.22SyringolL-S14.250.860.690.653.790.710.550.750.770.8041.7Syringol, 4-allyl-L-S22.950.840.030.742.970.710.580.730.510.0242.29SyringaldehydeL-S31.570.851.000.881.860.800.650.820.981.1143.51AcetosyringoneL-S40.550.791.251.180.661.040.701.081.091.3349.61SinapaldehydeL-S50.940.691.250.770.980.740.621.060.881.30Fig. 4Variation in functional group composition in lignin-derived products of each type of gene modification.Fig. 4

To extract a correlation in the data set six PCA models were developed, corresponding to each of the poplar types. At first, the number of principal components that need to be retained for each kind of transgenic and wild-type poplar pair were determined with the help of scree plots. The scree plot shows the relative contribution of the principal components to the total variance in the data set for either non-pretreated or pretreated samples. Principal components are included to reach a total sum of at least 70% of the original variation. Later, loading and scoring plots are created to gain insights on the significant contributions, either positive or negative, of the variables, i.e., detected compounds (shown in [Table 3](#t0015){ref-type="table"}) towards the principal essential components.

 {#s0040}

### 4.1.1. Comparison of *COMT* Lines to Tin Wild-Type {#s0045}

In the case of the *COMT* model, one control line (Tin wild type) and two transgenic *COMT* lines (Li09 and Li11) were considered. PC1 and PC2 described 53.37% and 27.89% of the total variance in the scree plot for untreated *COMT* and Tin control samples. On the other hand, for the pre-treated *COMT* and Tin samples, the first three principal components represented 57.67%, 26.66% and 6.53% of the total variance. The scree plots of untreated and pretreated samples are shown in [Fig. 5](#f0025){ref-type="fig"}a and Fig. S1, respectively. The score and loading plots for the principal components PC1 vs PC2 and PC1 vs PC3 of untreated samples are shown in [Fig. 5](#f0025){ref-type="fig"}c and d.Fig. 5Comparison of untreated *COMT* lines and Tin wild type. (a) Scree plot showing the relative weight percentages of each principal component. (b) Score plot of PC1 vs PC2, with two clusters of transgenic and wild-type poplars. The lines are clustered with a significance level of 85%. (c) and, (d) Loading plots of PC1 vs PC2 and PC1 vs PC3, indicating the data points that have the highest and lowest contributions to the principal components. (Color codes are as follows: Pink, Cellulose; Red, Lignin-H; Cyan, Lignin-S; Blue, Lignin-G; and Yellow, generic Lignin compounds, i.e., L-1 and L-2).Fig. 5

The score plot of PC1 vs PC2 (5b) shows two clusters of *COMT* and Tin samples with clustering performed at a confidence interval of 85%. Based on the corresponding loading plot (5c), it can be observed that the most considerable positive contributions to the first principal component (PC1) come from G and S lignin units, especially syringol (L-S1), 4-allylsyringol (L-S2), syringaldehyde (L-S3), acetosyringone (L-S4), sinapaldehyde (L-S5), 4-ethylguaiacol (L-G3), 4-vinyl guaiacol (L-G4), 4-propyl guaiacol (L-G6), and coniferyl alcohol (L-G7). The other positive contributions to PC1 come from 2-methyl phenol (L-H2), 5-hydroxymethylfurfural (C28), 2-furanmethanol (C21), hydroxyacetaldehyde (C11), furfural (C20), methanol (C4), 1,2-ethanediol monoacetate (C17) and acetic acid (C12). The remaining polysaccharide pyrolysis products contribute negatively towards PC1. Lignin products such as 4-methyl guaiacol (L-G2), phenol (L-H1) and 3,5-dimethoxytoluene (L-2) are the most significant negative contributions to PC1. Vanillin (L-G5) and 2-propenal (C6) have nearly zero contributions to PC1, while they are the highest positive and negative contributors to PC2, respectively. On the other hand, all the S derived products contribute positively, and all the G derived products (except L-G6) give negative contributions to PC3 ([Fig. 5](#f0025){ref-type="fig"}d). Interestingly, L-H1 and L-H2 are always negatively correlated implying no effect on H units. These observations are indicative of reduced S lignin units as a result of genetic modification in the *COMT* lines as compared to the control line. The reduction in G lignin products could either be due to a decrease in G lignin units in transgenic lines or low release of these products during pyrolysis.

Thioacidolysis data of field-grown poplars presented in [Table 1](#t0005){ref-type="table"} support the observations made from PCA. There has been a significant reduction in S/G ratios. This is due to a substantial decrease in sinapyl alcohol incorporation in lignin of *COMT* transgenic lines as compared to the wild-type (Tin). This is in line with the biosynthesis pathway shown in [Fig. 1](#f0005){ref-type="fig"}. Amounts of G units in transgenic lines Li09 and Li11 are, however, very similar to the wild-type poplar. On the other hand, Toraman et al. \[[@bb0070]\] reported an increase in G-lignin derived products and a decrease in S-lignin derived products during pyrolysis of greenhouse grown *COMT* downregulated poplar. In this work, field grown poplar downregulated in *COMT* resulted in a 15% reduction of G-lignin and 33% reduction in S-lignin derived pyrolysis products relative to the wild type.

The loadings of the pre-treated samples (Fig. S1), on the other hand, indicate that all the lignin-derived products (except L-H1 and L-2) contribute positively to PC1. Moreover, pre-treated *COMT* lines are found in the left half-plane of the score plot of PC1 vs PC2, i.e., on the negative axis of PC1. The wild-type is pulled towards PC1 = 0 by the deviating sample 3, although sample 1 and 2 are clearly in the positive part of the PC1 axis. The result for the pretreated *COMT* samples is similar that for the non-pretreated samples, except that L-G5 is not zero for PC1 and is less pronounced for its contribution to PC2. Hence, it is concluded that the pre-treatment of the *COMT* samples does not have a significant influence on the pyrolysis vapour composition of the genetically engineered poplar and wild type samples.

### 4.1.2. Comparison of *CAD* Lines to Tin Wild-Type {#s0050}

The *CAD* model consists of Tin wild type and three transgenic lines, viz. Li18, Li21, and Li22. First, three principal components of the non-pretreated samples accounting for 46.93%, 22.60% and 14.03% of the total variance. These values remain similar for the three components of pretreated *CAD* and Tin samples with 54.21%, 23.06%, and 9.67%, respectively. These are represented by scree plots in [Fig. 6](#f0030){ref-type="fig"}a and [7](#f0035){ref-type="fig"}a.Fig. 6Comparison of untreated *CAD* lines and Tin wild type. (a) Scree plot showing the relative weight percentages of each principal component. (b) Score plot of PC1 vs PC2, with three clusters of wild-type, Li22 and the third with Li18 and Li20 transgenic poplars. The lines are clustered with a significance level of 85%. (c) and (d) Loading plots of PC1 vs PC2 and PC1 vs PC3, indicating the data points that have the highest and lowest contributions to the principal components. (Color codes are as follows: Pink, Cellulose; Red, Lignin-H; Cyan, Lignin-S; Blue, Lignin-G; and Yellow, generic Lignin compounds, i.e., L-1 and L-2).Fig. 6Fig. 7Comparison of pre-treated *CAD* lines and Tin wild type. (a) Scree plot showing the relative weight percentages of each principal component. (b) Score plot of PC1 vs PC3, with four clusters of wild-type, Li22, Li18, and Li20 transgenic poplars. The lines are clustered with a significance level of 85%. (c) and (d) Loading plots of PC1 vs PC2 and PC1 vs PC3, indicating the data points that have the highest and lowest contributions to the principal components. (Color codes are as follows: Pink, Cellulose; Red, Lignin-H; Cyan, Lignin-S; Blue, Lignin-G; and Yellow, generic Lignin compounds, i.e., L-1 and L-2).Fig. 7

In this model, the untreated poplar lines are grouped in three clusters, viz. Tin wild-type, Li22 *CAD*, and Li18 and Li21 *CAD* lines together in a third cluster, with a confidence interval of 85%. The three clusters are separated mainly by the first principal component. Interestingly, the transgenic line Li22 is on the positive axis of PC1 while the wild-type Tin is on the negative axis. The third cluster of Li18 and Li21 is at PC1 = 0 implying that no mutual differentiation can be drawn for these two types of samples. At this juncture, it is interesting to note the clear discrimination between Li18 and Li21, and Li22. Li18 and L21 are lines in which the *CAD* gene was downregulated using an antisense approach, whereas to generate Li22, the downregulation of *CAD* was achieved through the introduction of a sense construct. This suggests that the two strategies for genetic modification result in a different material, presumably because of the different levels of CAD downregulation. The substantial positive contribution from lignin-derived products to the first and second principal components comes from 3,5-dimethoxytoluene (L-2), 4-propylguaiacol (L-G6), vanillin (L-G5), 4-ethylguaiacol (L-G3) and 2-methylphenol (L-H2). These products are found in the highest selectivities for the Li22 *CAD* line and the lowest selectivities for the Tin wild type (score plot, [Fig. 6](#f0030){ref-type="fig"}b). Coniferyl alcohol (L-G7), 4-vinyl guaiacol (L-G4), syringol (L-S1), syringaldehyde (L-S3) and guaiacol (L-G1) provide a significant negative contribution to the first principal component and are found in the lowest selectivities for Li22 *CAD* and the highest selectivities for the Tin control line. For the second principal component, coniferyl alcohol and 4-vinyl guaiacol contribute the most in the positive direction, while phenol and 4-methylguaiacol provide a substantial negative contribution. S-units like L-S3, L-S4, and L-S5 and L-H1 have positive contributions to PC3 while L-G1, L-G7, and L-S1 are closer to PC3 = 0. The remaining lignin products are on the negative axis of the third principal component. Based on [Fig. 6](#f0030){ref-type="fig"}b and c it could be concluded that the Li22 *CAD* line produces higher amounts of coniferyl alcohol and 4-vinyl guaiacol and lower amounts of phenol and 4-methylguaiacol during fast pyrolysis, compared to the Li18 and Li21 *CAD* lines. Since the lignin-derived products are not grouped but spread over all quadrants as can be seen in the loading plots [Fig. 6](#f0030){ref-type="fig"}c & d, it is difficult to conclude the effect of *CAD* down-regulation on the change of the amount of G, S and H units in poplar lignin based on the pyrolysis results. Thioacidolysis data ([Table 1](#t0005){ref-type="table"}) indicates a reduction in both S and G representative units in Li18, Li21 and Li22 transgenic lines. However, the ratio of S/G seems to either remain similar or increase compared to Tin. Downregulation of *CAD* decreased the relative amount of G-lignin derived products about 25% based on the peak areas. The as*CAD* downregulation leads to a decrease of 21% in S-lignin derived compounds while s*CAD* downregulation showed as high as 51% decrease. This result is in line with the thioacidolysis data and the biosynthesis pathway.

As no distinct clusters could be observed in the score plot of PC1 vs PC2 for the pretreated samples, the PC1 vs PC3 score plots was considered for clustering purposes ([Fig. 7](#f0035){ref-type="fig"}). The loading plots for PC1, PC2, and PC3 of pretreated samples are shown in [Fig. 6](#f0030){ref-type="fig"}c and d. All originating lignin products except phenol (L-H1) and 3,5-dimethoxytoluene (L-2) contribute positively to PC1. PC3 contains stronger positive contributions from S-type products, especially syringaldehyde (L-S3) and sinapaldehyde (L-S5). This is very interesting to observe as sinapaldehyde accumulation is very high in the lignin of CAD deficit plants, but negligible amounts of coniferyl aldehyde (L-G7). The strongest negative contributions come from 4-allylsyringol (L-S2) and G-type products. In the score plot ([Fig. 7](#f0035){ref-type="fig"}b) K-means clustering (*p* \< .15) with the Mahalanobis distance method results in 4 sample groups, one for each wild-type and transgenic lines. All three *CAD* lines are located in the half-plane for negative values of PC1 which indicates that the total amount of S and G lignin-derived products is lower in the pretreated *CAD* down-regulated samples compared to the Tin control line. For the non-pretreated samples, this was not observed. Therefore, for the *CAD* lines, the differences in all the three genetically modified materials were visible only after removal of extractives. This observation is substantiated by the work of Van Acker et al. \[[@bb0120]\]. According to their study CAD deficient plants accumulate massive amounts of sinapaldehyde (S(8--8)S) dimeric species as soluble phenolics. Pre-treatment of CAD deficient poplar samples with various solvents mentioned in [Section 2.2](#s0020){ref-type="sec"} results in the extraction of the soluble phenolics from the plant material.

### 4.1.3. Comparison of *CCoAOMT* Down-Regulation to Tbr Wild-Type {#s0055}

The dataset for the *CCoAOMT* model consists of Tbr wild-type and three *CCoAOMT* down-regulated lines (Li02, Li03, and Li04). The scree plot in Supporting Information, corresponding to non-pretreated *CCoAOMT* and Tbr samples, indicates the proportion of variance described by the first three principal components as 47.91%, 14.19% and 12.78% of the total variance. While for the case of pretreated *CCoAOMT* and Tbr control samples, the first three principal components account for 30.36%, 25.48% and 16.54% of the total variance ([Fig. 8](#f0040){ref-type="fig"}a).Fig. 8Comparison of untreated *CCoAOMT* downregulated lines and Tin wild type. PCA analysis was performed only using the lignin product selectivities (a) Scree plot showing the relative weight percentages of each principal component. (b) Score plot of PC1 vs PC2, with three clusters of Tbr, Li02, and the third with Li03 and Li04 transgenic poplars. The lines are clustered with a significance level of 95%. (c) and (d) Loading plots of PC1 vs PC2 and PC1 vs PC3, indicating the data points that have the highest and lowest contributions to the principal components. (Color codes are as follows: Red, Lignin-H; Cyan, Lignin-S; Blue, Lignin-G; and Yellow, generic Lignin compounds, i.e., L-1 and L-2).Fig. 8

From the score plot (Fig. S2) between principal components PC1 and PC2 three clusters were formed, one corresponding to Tbr control line and Li02 together and the remaining two correspond to the data points of Li03 and Li04 (*p* \< .20). Further, separation in the loading plot was observed primarily along the first principal component, PC1. The data of Li02 samples have been clustered along with the control line, and no meaningful conclusions could be drawn.

As the data points of Li03 and Li04 could not be decoupled from each other, a new data set was considered for PCA analysis. In this case, only lignin products have been studied from the pyrolysis of Tbr and *CCoAOMT* downregulated samples. The data point number 10 (Li03) was removed from PCA analysis as it was an outlier. Variance values of the first three principal components for the new data set are 53%, 21.8%, and 11.7%, respectively (8a). Three clusters could be identified with a confidence interval of 95%, namely Li02, Tbr and a combination of Li03 and Li04 as seen in [Fig. 8](#f0040){ref-type="fig"}b. The clusters are shown in the score plot, [Fig. 8](#f0040){ref-type="fig"}b. Surprisingly, the Li02 line (as*CCoAOMT*) differentiates strongly on the PC1 from the other two transgenic lines, which are so-called sense (s*CCoAOMT*) lines. The effect of *CCoAOMT* downregulation is very evident in the new score plot. The loading plot between PC1 and PC2 also suggests that all the G-derived compounds contribute negatively to PC1, while the S-derived compounds syringaldehyde (L-S3), acetosyringone (L-S4) and sinapaldehyde (L-S5) contribute positively to both PC1 and PC2 ([Fig. 8](#f0040){ref-type="fig"}c). According to the pathway shown in the [Fig. 1](#f0005){ref-type="fig"}, *CCoAOMT* downregulation should reduce the formation of coniferaldehyde and subsequently, sinapaldehyde. The score plots could be indicative that the amount of G units in the Li03 and Li04 transgenic samples was substantially decreased upon the downregulation of *CCoAOMT* compared to the control line. The G and S units have been suppressed in Li03 and Li04, while there was a negative effect in Li02 samples. In accordance with PCA results, there was about 20--25% decrease in the G-lignin derived compounds upon the pyrolysis of all *CCoAOMT* poplar samples. However, only 7% decrease in S-derived compounds was observed during Li02 poplar pyrolysis. On the contrary, the greenhouse grown *CCoAOMT* downregulated lines showed an increase in S-derived products and a decrease in G-derived products relative to the control lines. Thioacidolysis data of field-grown poplar used in this work ([Table 1](#t0005){ref-type="table"}) indicates a minimal reduction in S and G units due to genetic modification. The negative effect of Li02 observed in PCA studies could be attributed to higher S/G ratios than other two *CCoAOMT* downregulated lines Li03 and Li04.

No effects of extraction (pre-treatment of the biomass) on the fast pyrolysis selectivities of *CCoAOMT* downregulated samples could be concluded, as there was a random spread of data in the score plot (Fig. S3). It could be hypothesised that there was no accumulation of monophenolic extractives. One of two data points representing the Tbr wild-type (point no. 2) was grouped into the cluster of transgenic samples, and one data point from Li02 was consolidated with the wild-type samples, even at a confidence interval of 80%. This makes the transgenic cluster spread into the negative axis along PC1. The centroid of the cluster belonging to the transgenic poplar lines is on the positive axis of PC1, and the cluster representing wild-type samples is on the negative axis of PC1. Hence, there is a suppression of G and S units in the *CCoAOMT* lines, which is in line with the lower Klason lignin described for these lines in literature \[[@bb0100]\]. The loading points of PC1 vs PC2 convey that almost all the guaiacyl and lignin-derived products contribute negatively to PC1 (Fig. S3). Only L-S3, L-G5, and L-G2 have positive projections on PC1. This could indicate that the quantity of G and S units in the *CCoAOMT* downregulated lines has been decreased only by a marginal amount as compared to the wild-type.

The effect of genetic engineering on large-scale pyrolysis is yet to be tested or on-going. However, with the insights obtained in the current work, it can be said that there is substantial potential to alter bio-oil compositions through engineered feedstock. Although, the modifications need to be more pronounced. Most recent CRISPR-Cas technology could facilitate more pronounced differences in biomass composition and thus in the resulting bio-oil \[[@bb0200],[@bb0205]\]. This could help in generating oils with substantially improved compositions and better properties for fuel or chemical applications. Moreover, in combination with a catalyst, there is a possibility to achieve high selectivity towards speciality chemicals.

5. Conclusions {#s0060}
==============

Micropyrolysis has proved to be an adequate analytical tool for studying fast pyrolysis of genetically modified poplar. In particular, the combination of micropyrolysis and PCA allows discriminating between the biomass feedstocks based on their lignin composition, in terms of H, G and S units. About 46 compounds were identified in the pyrolysis vapours during Py-GC-MS studies performed using transgenic lines down-regulated for *CCoAOMT*, *COMT*, and *CAD*, and their control lines (Tin & Tbr). A functional group analysis of pyrolysis vapour product distributions suggested 2-fold drop in methoxy phenols and dimethoxy phenols due to *COMT*, *CCoAOMT*, *CAD* suppression in transgenic lines compared to their wild-type. According to the PCA analysis, *COMT* downregulated transgenic lines produced about 33% reduction in syringyl (S) derived compounds and a 15% reduction in guaiacyl (G) derived compounds. The result is in agreement with the biosynthetic pathway, wherein *COMT* suppression causes decreased incorporation of sinapyl alcohol and sinapaldehyde in the lignin polymer. s*CAD* downregulation leads to nearly 51% reduction in S lignin-derived compounds, while *CCoAOMT* downregulation caused only 7--11% reduction. Investigation of peak areas of pyrolysis vapours showed almost 20% decrease in G-derived products for all the transgenic lines. PCA applied in combination with K-means clustering was compared with thioacidolysis experiments and found that the models captured the trends in G and S composition reasonably well. The models could effectively discriminate between the wild-type and two *CAD* lines (Li18 and Li21), while the Li22 *CAD* line was separated into a third cluster, likely because of its different level of downregulation. *CAD* downregulation causes a strong accumulation of soluble phenolics and their extraction via pre-treatment made the effect of the gene modification on the pyrolysis products more pronounced. From this work, it is concluded that *CAD* downregulation in field-grown poplar is a promising strategy to steer the bio-oil composition towards relatively low amounts of G-lignin derived products. On the other hand, *COMT* downregulation is valuable to generate bio-oil with relatively more moderate quantities of G-and S-lignin compounds.

Appendix A. Supplementary data {#s0065}
==============================

Supplementary materialImage 1
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[^1]: as: antisense; s: sense line
